Numerous linguistic operations have been assigned to cortical brain areas, but the contributions of subcortical structures to human language processing are still being discussed. Using simultaneous EEG recordings directly from deep brain structures and the scalp, we show that the human thalamus systematically reacts to syntactic and semantic parameters of auditorily presented language in a temporally interleaved manner in coordination with cortical regions. In contrast, two key structures of the basal ganglia, the globus pallidus internus and the subthalamic nucleus, were not found to be engaged in these processes. We therefore propose that syntactic and semantic language analysis is primarily realized within cortico-thalamic networks, whereas a cohesive basal ganglia network is not involved in these essential operations of language analysis.
INTRODUCTION
The neural basis of language has been discussed for more than 130 years, starting with the work of Broca (1865) and Wernicke (1874) . Since then our ideas on how language is represented in the human brain have undergone considerable changes (for recent reviews see Friederici, 2002 and Poeppel, 2007) , but current models still mainly focus on cortical brain regions when characterizing the neural network that supports language processing.
This cortico-centric view is supplemented by models that additionally propose language-related functions for subcortical structures; i.e., the basal ganglia (BG) and/or thalamic nuclei (Alexander et al., 1986; Crosson, 1985; Friederici and Kotz, 2003; Nadeau and Crosson, 1997; Ullman, 2006) . In this context, it has been proposed that linguistic processing might be organized in parallel to nonlinguistic operations coded in cortico-striatopallido-thalamo-cortical circuitries (Ullman, 2006) . The analogto-memory concept (Eichenbaum, 2006; Mishkin et al., 1997) encapsulated in the ''declarative/procedural model'' claims that the BG implicitly process rule-based grammatical operations, whereas explicit semantic retrieval is assigned to temporothalamic networks (Ullman, 2001) . Other researchers have proposed a ''lexical selection model'' (Wallesch and Papagno, 1988; cf. Murdoch, 2001) , in which (1) the BG match contextbound phonological word representations in fronto-cortical areas with appropriate lexical information from temporo-parietal areas and (2) the BG, in conjunction with the thalamus, primes the cortex for language production. Finally, the ''selective engagement model'' of Crosson (1985) suggests that language capacities are realized in cortico-thalamic networks, whereas BG functions are essentially nonlinguistic. This model suggests that specific thalamic nuclei flexibly gate the flow of languagerelated information between frontal and temporo-parietal cortices by monitoring the activity and connectivity states of these areas (Crosson, 1985 ; also cf. Johnson and Ojemann, 2000; Nadeau and Crosson, 1997) .
The above concepts are mainly based on the correlation of aphasic syndromes with focal brain damage, and on language studies using functional imaging or scalp electroencephalographic (EEG) methods, namely event-related potentials (ERPs). Naturally, each of these methods has specific limitations. With respect to clinico-pathological correlations, ascribing specific language functions to particular subcortical structures is somewhat complicated due to variations in the site and volume of cerebral lesions and the heterogeneous nature of neuropsychological effects in aphasic patients (cf. Nadeau and Crosson, 1997; Craver and Small, 1997) . Additionally, functional imaging studies can provide detailed anatomical information but, due to the relatively poor temporal resolution of this technique, discerning the precise relationship between the eliciting events in a complex language task and the subsequent measured activity-especially since such tasks trigger numerous brain processes at short intervals-is difficult. Finally, while scalp ERPs provide reasonable information on the timing of brain processes, they are naturally remote to subcortical activity and therefore poorly suited for the functional study of deep brain structures. However, the temporal advantages of ERP can be complimented by the use of subcortical Deep Brain Stimulation (DBS) to obtain detailed spatial information as well (Benabid et al., 2000; Krack et al., 2000; Schuurman et al., 2000) . For a short time during this procedure, recordings can be performed from the externalized electrode leads to BG or thalamic structures; e.g., the Globus pallidus internus (GPi), the subthalamic nucleus (STN), and ventral intermediate nucleus (VIM) .
Using this approach, we aimed to clarify whether both the BG and the thalamus participated in the analysis of syntactic and semantic language information as central linguistic categories. To this end, scalp and depth ERPs were recorded in patients with GPi, STN, or VIM electrodes (the respective target depended on the underlying disease for which DBS was being administered), who engaged in two well-established language tasks (Figure 1 ). They were asked to judge the correctness of acoustically presented German sentences that were either accurate or containing violations with respect to structure (syntactic error) or meaning (semantic error). For the scalp recordings, we predicted the previously described physiological pattern of language-related ERP (Friederici et al., 1993; Osterhout and Holcomb, 1992; Kutas and Hillyard, 1980) ; i.e., upon syntactic errors, an early left anterior negativity (ELAN) would be followed by a late parietal positivity (P600), whereas semantic errors would elicit a broad central negativity (N400). Although these ERPs were primarily related to language violations, they were assumed to be indices of regular, though augmented, syntactic and semantic analysis processes (Friederici, 2002; Kutas and Hillyard, 1980) . The idea behind this hypothesis is that brain regions involved in decoding language would raise operating expenses in accordance with how much ongoing input deviates from an expectation caused by a verbal sequence (Kutas and Hillyard, 1980; Osterhout and Holcomb, 1993) . Therefore, relatively simple and correctly set syntactic parameters would generally not cause sufficient neuronal activity to result in macroscopically discernable ELAN and P600. The assumption that activity of attenuated magnitude occurs without linguistic violations has been corroborated by a number of findings. For example, ELAN and P600 components have been identified in the context of correct, but complex, phrase structures, suggesting that high parsing demands lead to enhanced processing in these two time windows (Friederici et al., 1998; Kaan et al., 2000; Lau et al., 2006; Mecklinger et al., 1995; Holcomb, 1992, 1993; Osterhout et al., 1994) . Further, with the aid of source modeling, the generators of the ELAN have been local- 
Simultaneous Depth and Scalp Recordings
Multichannel scalp and bilateral depth EEGs were derived simultaneously while patients engaged in language tasks. The intracranial recordings were derived from bilateral electrodes for Deep Brain Stimulation (DBS) in the thalamic ventral intermediate nucleus (VIM; n = 20), the subthalamic nucleus (STN; n = 12) or the Globus pallidus internus (GPi; n = 16), exemplified by representative MRIs. From the four-contact DBS electrodes, bipolar intranuclear and monopolar recordings to linked mastoids were performed (cf. the Depth Recordings subsection in the Experimental Procedures).
ized to inferior frontal and fronto-opercular cortical regions (Friederici et al., 2000a) , which have also been found (via fMRI) to be activated during the parsing of syntactically correct sentences (Friederici et al., 2000b) . Specifically, the ELAN appears to reflect the automatic fontal detection of a grammatically incorrect sentence continuation as compared against a regularly expected phrase structure (Friederici et al., 2000a) , whereas the P600 is functionally related to the controlled temporo-parietal ''integration and repair'' of the perceived structural violation (Hahne and Friederici, 1999) . Finally, the N400 can be conceptualized as increased semantic retrieval in bitemporal and frontal networks consequent to lexico-semantic mismatch (Johnson and Hamm, 2000; Kutas and Hillyard, 1980; Tse et al., 2007) . In this study simultaneous scalp and thalamic/BG EEG recordings are used to provide insights into the corticobasal organization of language analysis by referring depthrecorded ERPs elicited by syntactic versus semantic phrase violations to their scalp-recorded counterparts (ELAN, P600, and N400).
RESULTS

Behavioral Results
Patients easily complied with the task demands and exhibited very low error rates. There were no significant differences in task performance between the groups. The rates of correctly handled trials, provided separately for correct / syntactically incorrect / semantically incorrect sentences were 97.7% ± 2.1%, 97% ± 2.7%, and 97.7% ± 2.5% for VIM patients; 97.1% ± 2.5%, 97.2% ± 3.2%, and 97.4% ± 2.9% for STN patients; and 97.5% ± 2.8%, 97.8% ± 2.4%, and 97.2% ± 2.9% for GPi patients (respectively), amounting to an overall accuracy of 97.4% ± 2.6%.
ERP
The averaging of ERPs was based on correctly handled trials free of eye-blink or technical artifacts. The number of retained trials out of 48 possible per ERP, provided separately for the correct / syntactically incorrect / semantically incorrect condition, was 40.7 ± 4.1, 39.6 ± 3.8, and 40.9 ± 4.3 for VIM patients; 39.7 ± 4, 39.4 ± 4.5, and 39.4 ± 4.2 for STN patients; and 39.8 ± 3.9, 40.0 ± 4.1, and 38.9 ± 4.5 for GPi patients, respectively. There were no significant differences between groups and conditions. Scalp Level In all patient groups, the previously described language-related ERP effects that resulted from the differences between processing correct versus syntactically/semantically incorrect sentences were identified as expected. Following syntactic phrase violations, the ELAN (Friederici et al., 1993) was maximal at electrode F7, and the P600 (Friederici et al., 1993; Osterhout and Holcomb, 1992) , at electrode Pz, whereas following semantic incongruities, the N400 was maximal at Cz (Kutas and Hillyard, 1980 ). These differences were significant for the VIM group (Figure 2A ), STN group ( Figure 2B ), and GPi group ( Figure 2C ) at p < 0.0005, p < 0.005, and p < 0.005 in the time interval for ELAN (100-250 ms); at p < 0.001, p < 0.01, and p < 0.001 in the time interval for P600 (500-1000 ms); and at p < 0.005, p < 0.01, and p < 0.01 in the time interval for N400 (300-700 ms), respectively ( Figures 3A-3C ). The average amplitude differences in the 
. Scalp Activations upon Syntactic Violations
The known spatio-temporal EEG pattern indicating the processing of structural phrase elements was obtained across all groups, i.e., in patients with VIM, STN, and GPi electrodes for DBS (for each group [A, B, and C, respectively], grand averages are shown). The presentation of a syntactic sentence violation induced event-related potentials (ERPs), which were not consistently discernable in correct sentences. As expected, this difference peaked in two time domains over two different scalp regions as (1) an early left anterior negativity (ELAN), reflecting the primary buildup of phrase structure in frontal areas, and (2) as a late posterior positivity (P600), reflecting subsequent integration steps in temporo-parietal regions.
respective intervals were À2.14 ± 0.5 mV, À1.99 ± 0.5 mV, and À2.07 ± 0.6 mV for ELAN; 3.35 ± 0.5 mV, 3.09 ± 0.6 mV, and 3.26 ± 0.6 mV for P600; and À2.58 ± 0.5 mV, À2.47 ± 0.7 mV, and À2.56 ± 0.4 mV for N400, respectively. The peak latencies were 169 ± 34 ms, 160 ± 56 ms, and 168 ± 45 ms for ELAN; 738 ± 92 ms, 725 ± 65 ms, and 698 ± 51 ms for P600; and 535 ± 52 ms, 501 ± 26 ms, and 516 ± 54 ms for N400; respectively. No statistically significant differences were obtained between groups, neither for the reported amplitudes nor for the latencies.
Deep Brain Recordings
In all patients with thalamic DBS electrodes, activity related to syntactic and semantic phrase violations was discernable in the monopolar recordings from VIM to linked mastoid electrodes. In contrast, no language-related ERPs were obtained in any of the monopolar derivations from STN and GPi. In bipolar depth recordings no language-related ERPs were found in any of the groups.
Following syntactic phrase violations, the pattern obtained from VIM was consistent across patients as two sequential negative potentials. These ERPs occurred in an early time window from 100 ms to 300 ms (early TW) and in a late time window from 400 ms to 900 ms (late TW) following the onset of the used participle (see Experimental Procedures). The components in these intervals were significantly larger in the incorrect condition (as compared with the correct condition) in both the left and right hemispheres (left and right, early TW: p < 0.01; left and right, late TW: p < 0.01). The average differences in ERP amplitudes between correct and syntactically violated conditions for the left and right hemispheres were À2.11 ± 0.6 mV and À1.09 ± 0.74 mV in the early time interval and À3.66 ± 0.7 mV and À1.91 ± 0.6 mV in the late interval, with peak latencies at 207 ± 38 ms and 203 ± 36 ms and at 595 ± 64 ms and 582 ± 78 ms,
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Thalamic Language Functions respectively. Following lexico-semantic phrase violations, the ERP in the correct condition was superimposed with a broad, large negative potential in the N400 time window between 300 and 700 ms. The average amplitude in this interval was significantly larger in the incorrect condition as compared with the correct condition for the left and right hemispheres (p < 0.01 and p < 0.05, respectively), with the difference of magnitudes at À3.31 ± 0.6 mV and À1.95 ± 0.6 mV, respectively. This monophasic component peaked at 537 ± 59 ms in the left hemisphere and 539 ± 63 ms in the right. Generally, the difference potentials between correct and syntactically or semantically violated conditions were larger in the left hemisphere than in the right (syntactic violation, early TW: p < 0.05; late TW: p < 0.05; semantic violation: p < 0.05).
Although no language-related potentials were visually discernable in any bipolar depth recording from VIM or in monopolar derivations from STN and GPi, subtle ERP differences between conditions might have been present in any of these recordings 
. Scalp Activations upon Semantic Violations
The known spatio-temporal EEG pattern indicating the processing of semantic phrase elements was obtained across all groups, i.e. in patients with VIM, STN and GPi electrodes for DBS (for each of these groups [A, B, and C, respectively], grand averages are shown). The presentation of a semantic sentence violation induced a larger ERP than the presentation of correct sentences did. As expected, this difference peaked over centro-parietal scalp regions as the well-known N400, conceptualized as increased semantic retrieval in bitemporal and frontal networks consequent to lexico-semantic mismatch.
( Figure 4 ). Therefore, putative activations in the above intervals were additionally compared between conditions. However, with respect to both syntactic and semantic violations, these comparisons failed to reveal any task-related ERP differences.
The original ERPs following correctly versus incorrectly used participles were contrasted to determine if the obtained pattern was exclusively due to the processing of presented linguistic anomalies, or if language-related activations were also discernable upon the presentation of correct phrases. It became evident that the residual thalamic activities of ''syntactically incorrect minus correct'' stem from the augmentation of biphasic thalamic potentials already present in the correct condition. The average amplitude values across the two intervals, in which the correct and incorrect conditions diverged from each other, were significantly different from the average amplitude value across a 500 ms prephrase baseline (early TW: 100-300 ms; late TW: 400-900 ms following the onset of the used participle; p < 0.01 for left and right hemispheres and for both intervals). Upon lexico-semantic violations, this basic pattern was superimposed with a broad monophasic component with a similar time course to scalp N400. In contrast, no language-related activity was found in the recordings from STN or GPi, in neither the correct nor the incorrect conditions ( Figure 5 ). Accordingly, no differences from baseline amplitude values could be identified (all p > 0.05).
Time Course of Depth-Recorded versus ScalpRecorded, Language-Related Potentials
To study the chronometric relations between language-related activations at either brain level, depth ERPs evoked upon syntactic violations were compared with scalp ELAN at F7 and with P600 at Pz. Depth ERPs evoked upon semantic violations were compared with scalp N400 at Cz. Thalamic values were determined at the left monopolar recordings because of the larger task effect in this hemisphere. For syntax-related ERPs, the individual peak latencies of the early thalamic component (T1) and the ELAN were compared to each other, as were those of the late thalamic component (T2) and the P600, based on the temporal proximity of these components between levels: T1 was found to peak after the ELAN, and T2, prior to the P600 (ELAN-T1, p < 0.05; T2-P600, p < 0.001; Figure 6 ). For semantically related ERPs, no significant difference between the peak latencies of N400 and the concomitant depth ERP was identified.
Single Cases
The group-average pattern of language-related ERPs in the monopolar recordings from VIM, along with their absence in other depth recordings, could be confirmed intraindividually by simultaneous recordings from VIM and GPi because two patients In monopolar thalamic recordings referenced to linked mastoids, syntactic phrase violations induced a biphasic ERP with an early and a late negativity around 200 and 600 ms, respectively. In the same monopolar recordings, semantic phrase violations induced a sustained monophasic ERP (grand averages shown). The shown ERPs were obtained in both hemispheres as the differences of the violated and correct sentence conditions. In contrast, no activation upon syntactic or semantic phrase violations could be identified in the recordings from the BG nuclei GPi and STN, or in any of the bipolar, i.e., intranuclear channels (not shown).
received bilateral DBS in both VIM and GPi; i.e., four DBS electrodes. In these two patients, biphasic thalamic activation was present for the left and the right hemisphere following syntactic phrase violations, whereas monophasic negative potentials followed semantic incongruities. No language-related ERP effects were obtained in the concomitant recordings from GPi ( Figure 7) .
Control Measurements
Finally, we investigated whether the mastoidal reference might have contributed to the results in the monopolar thalamic recordings. ERPs to these electrode sites might possibly dominate recordings in which the thalamic contact would be inert. Therefore, the paradigm and the scalp recordings were run in five healthy subjects who, in addition to the scalp array used in other patients, had EEG electrodes positioned over either acromion, referenced to the respective ipsilateral mastoid electrode: in these additional channels language-related activity should only be detectable if picked up by the mastoidal electrodes because EEG signals cannot stem from acromial recording sites. The typical pattern upon syntactic and semantic violations was obtained in all subjects with ELAN at F7 and P600 at Pz or N400 at Cz. In contrast to this, no ERP and no difference between correct versus incorrect conditions could be identified in the derivation from the acromia to the mastoidal electrodes.
DISCUSSION
Our data suggest that syntactic and semantic language processing largely involves cortico-thalamic networks and, contrary to prior suggestions, does not utilize a BG network. In particular, we found that the violation of syntactic as well as semantic phrase attributes elicited ERPs in recordings from the VIM of Neuron Thalamic Language Functions the thalamus, but not in recordings from adjacent BG structures. Importantly, neither disease status nor DBS electrode implantation interfered with regular surface ERP expression; all patients displayed the expected language-related scalp ERP, i.e., an ELAN followed by a P600 in case of syntactic phrase violations, and an N400 in case of semantic incongruities. Specifically, the peak latencies of ELAN and P600 following syntactic violations framed an accompanying biphasic thalamic activation, whereas the time course of thalamic and scalp-recorded activities related to semantic incongruities was not significantly different between thalamic and scalp level.
Thalamic Origin of Language-Related Potentials in Subcortical Recordings
Subcortical ERPs were detectable only from the monopolar, and not from the bipolar, thalamic channels within the VIM. No language-related activity was obtained in any of the recordings In monopolar thalamic recordings a biphasic ERP pattern was discernable upon correct usage of the participle. This activation sequence was augmented in the syntactically violated sentence condition. In the semantically violated condition, the ERPs obtained in the correct conditions were superimposed with a broad monophasic component with a similar time course to scalp N400. Contrary to this, no language-related activity was found in the recordings from STN or GPi, in either the correct or the incorrect condition.
from STN and GPi, be they monopolar or bipolar, although GPi, STN, and VIM patients shared the well-established pattern of language-related ERPs at scalp level. Moreover, the shared mastoid reference in the monopolar recordings from GPi, STN, and VIM excludes the possibility that language-related activity, only present in the monopolar VIM channels, stems from the mastoid electrodes. This is corroborated by control recordings that prove these recording sites to be devoid of ERPs following syntactic and semantic phrase violations.
Altogether, these contrasting results from thalamic versus BG derivations indicate an intrathalamic origin of subcortically recorded ERPs. It is highly unlikely that far-fields-generated, for example, in cortical areas or medio-temporal lobe structures-contributed, because they should have spread almost equally into adjacent STN, GPi, and VIM due to volume conduction. Furthermore, the group finding of language-related ERPs in thalamic, but not BG, recordings was intraindividually replicated in two exceptional patients with both VIM and GPi electrode implants.
On the other hand, the data indicate that the thalamic language-related ERP did not originate from VIM proper or the directly adjacent thalamic receiving nuclei of BG input, because they were not detectable in bipolar recordings. Given the procedural limits defined by the present clinical setting, the inquiry of which specific thalamic nuclei contributed to the present results must await future studies.
Conceptual Considerations
The results fit well with major notions of the selective engagement model Crosson, 1985) positing that cortico-thalamic networks are essentially involved in language processing whereas BG are not. The present data corroborate this assumption at least with respect to the analysis of syntactic and semantic violations. The main thalamic structures proposed to be involved in linguistic operations are the centromedian nuclei with dense frontal connections and pulvinar areas with strong temporo-parietal projections. This neuroanatomic organization could explain why language-related potentials were captured only by monopolar VIM channels: the proposed thalamic structures lie outside the ventro-lateral motor thalamus which VIM forms part of, leaving the sampling volume of bipolar intra-VIM recordings too small for activities from remote thalamic compartments. A predominantly centromedian origin could also explain the similarity of ERPs recorded from right and left VIM even in the case of stronger left-hemispheric lateralization, because the more lateral recordings would be nearly symmetrical to such near-midline activity. Furthermore, recordings from GPi are more fronto-lateral, and those from STN, more fronto-caudal, so they would not capture language-related potentials from the proposed thalamic nuclei (cf. Schaltenbrand and Wahren, 1977) .
With respect to language processing, the term ''selective engagement'' has been introduced to denote the putative capacity of the thalamus to gate the informational flow between frontal and temporo-parietal cortices, controlling both the activity and connectivity states of these areas (Crosson, 1985; also cf. Johnson and Ojemann, 2000; Nadeau and Crosson, 1997) . The idea of selective engagement is further supported by a number of recent results. In principle, it could be argued that the scalp P600 following syntactic incongruities has a strong overlap with the centro-parietal P300, elicited by rare, salient, or deviant stimuli and that, accordingly, the thalamic components reported here could be a subcortical analog of this domain-unspecific response. In this regard, we performed technically identical VIM recordings while patients engaged in a target selection task, based on an oddball paradigm that elicits a scalp P300. Remarkably, the thalamic response accompanying scalp P300 (Klostermann et al., 2006 ) strongly differed from the ERP at hand in terms of dynamic and spatial properties: it had a significantly different time course and, unlike the activations obtained in this study, was identified in the intranuclear bipolar recordings from VIM. This thalamic P300 analog differed in turn from a thalamic ERP related The peak latencies of the syntax-related activations differed between scalp and thalamic levels (grand averages). Specifically, in intraindividual comparisons of the temporally adjacent components at either level, scalp ELAN was detected significantly earlier than the first thalamic component, and the second thalamic component occurred prior to the scalp P600. No differences between peak latencies of semantically related activations at scalp versus thalamic level were obtained (not shown).
to control signals instructing patients to withhold previously prepared motor responses (Marzinzik et al., 2008) . Furthermore, in the mentioned studies there was no scalp ERP pattern comparable to the ELAN-P600 sequence that occurred upon syntactic violations. These findings demonstrate that language analysis, attentive stimulus selection, and stimulus-driven executive control all go along with functionally selective and regionally distinct thalamic and cortical ERP. This suggests that thalamic components following syntactic violations do not reflect a category-unspecific effect, but rather mirror operations related to a specific processing domain, just like the distinct monophasic thalamic ERP elicited by lexico-semantic incongruities. Altogether, this differential sensitivity of corticothalamic network activations, imposed by the ongoing behavioral context, indicates that the thalamus plays a pivotal role in the gating and coordination of processes distributed across its widespread cortical connections (cf. Kraut et al., 2002 Kraut et al., , 2003 . These thalamic properties indeed fit well with the idea of selective engagement, proposed in the context of language processing.
Whether language-related ERPs generated upon semantic and syntactic violations represent regular steps of language analysis has been a matter of debate. With respect to ELAN, P600, and N400, it has been suggested that neuronal recruitment is raised above regular levels in the case of unmet linguistic expectations formed during the online analysis of language. Under this concept, ELAN and P600 serve to align momentary input with the syntactic representation of a verbal sequence perceived up to that point, a monitoring process thought to be invariably necessary for accurate phrase interpretation and augmented in case of phrase structure violations (Friederici et al., 1993 Hahne and Friederici, 1999) . The idea that these ERPs represent ubiquitously present parsing steps is supported by their demonstration in the context of correct, but relatively intricate, syntactic constructions. Whereas presumably low processing demands for the simple correct syntax in the present paradigm might have required too little neuronal recruitment to sum up to macroscopically discernable scalp ERPs, in thalamic recordings ERPs were clearly present in the correct condition, resembling the components following syntactic violations with attenuated amplitudes. In contrast, independent of condition, no language-related ERPs were identified in the recordings from STN and GPi. Altogether, these results suggest that the activations in the thalamus upon language violations and their absence in the studied BG are indicative of a typical, reoccuring activation pattern in language analysis.
Functionally, ELAN has been proposed to be an automatic parsing step in the inferior frontal cortex around the operculum (Friederici, 2002; Friederici et al., 1993 Friederici et al., , 2000a Friederici et al., , 2006 Hahne and Friederici, 1999) . In contrast, the P600 has been localized to temporo-parietal areas, representing a controlled process for the subsequent finalization of phrase structuring (Friederici, 2002; Friederici and Kotz, 2003; Ullman, 2006) . Based on the relative peak timing of syntax-related components at a cortical versus thalamic level, the interleaved first thalamic ERP could reflect a receipt of frontally generated information, The group pattern of scalp and thalamic syntactically and semantically related ERPs was confirmed by individual recordings from two patients who received bilateral DBS electrodes in both the VIM of the thalamus and the GPi. The example shows the expected spatio-temporal distribution of scalp potentials upon phrase structure and content violations. Following syntax errors, ELAN and P600 appeared in conjunction with a biphasic thalamic ERP, whereas upon semantic incongruities, N400 developed similarly to a monophasic thalamic ERP. No comparable activations were identified in the simultaneous recordings from GPi. and the second might serve to condition further cortical processing. However, since the ERP time courses overlapped between cortical and thalamic activations, the direction of informational flow in the cortico-thalamic system remains undetermined. This also applies to the processing of semantic sentence incongruities eliciting an N400 in parallel with a thalamic response. The N400 following lexico-semantic mismatch reflects controlled operations secondary to syntactic operations and is not exclusively related to language per se, but also comprises the mnemonic recall of world knowledge contents (Hald et al., 2007; Johnson and Hamm, 2000; Kutas and Federmeier, 2000; Kutas and Hillyard, 1980; Tse et al., 2007) . Thus, the broad and parallel course of N400 and depth ERP in scalp and thalamic recordings appears compatible with the activation of a distributed semantic network in which thalamic structures might organize intercortical communication on a sustained basis.
No indication was found that the network underlying syntactic and semantic language analysis extended beyond cortico-thalamo-cortical routes. Language processing through a cortico-BG-thalamocortical circuitry has been proposed based on connectivity models that have been primarily elaborated for motor functions and were later transferred to nonmotor operations as well (Alexander et al., 1986; Ullman, 2006) . However, if the cortico-BGthalamo-cortical concept were true of language-related operations in general, information on syntactic and semantic language properties would have to be funneled through STN and GPi on the level of the BG, since the modeled flow of information is inevitably relayed via these structures before reaching the thalamus. Because this was not confirmed in the present data, it must be assumed that at least the language functions studied here are subject to cortico-thalamic processing without BG participation.
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Relation to Previous Studies Until now, a real-time study on the cortico-basal processing of natural language has not been performed. If thalamic involvement in conjunction with specific cortical activations has been reported, this has applied to rather different operations, e.g. the semantic recall of objects (Assaf et al., 2006) , the activation of networks based on sensory word associations (Gonzá lez et al., 2006) , or the separation of speech from concomitant nonspeech sounds (Alain et al., 2005 ). An interesting parallel to the prolonged thalamic activation upon semantic phrase violations in the present study is that pulvinar thalamic areas have been found active on a sustained basis during semantic processing (Kraut et al., 2002 (Kraut et al., , 2003 . With respect to the BG, time-critical processing functions such as the sequencing of actions and perceptions (Temel et al., 2005; Tinaz et al., 2006 ) made these structures attractive candidates for supporting the analysis of language, particularly the online computation of combinatorial rules in word sequences. In support of this, it has been reported that patients with Huntington's disease (HD) display specific deficits in decoding correct but relatively complex phrase structures which, for example in passive sentences, do not follow a ''default'' active sentence structure (Teichmann et al., 2008; Ullman et al., 1997) . This was considered a correlate of impaired ability in relatively complex rule-based computations due to these patients' striatal dysfunction (Teichmann et al., 2005 (Teichmann et al., , 2008 . Additionally, the striatum, particularly the head of the caudate nucleus, has been implicated in further language-related functions, such as semantic word matching (Mummery et al., 1998) , the control of the language in use in bilingual speakers (Crinion et al., 2006; cf. Friederici, 2006) , lexical decisions (Binder et al., 1997 (Binder et al., , 2003 , ambiguity resolution (Ketteler et al., 2008) , grapheme to morpheme conversion (Fiebach et al., 2004) , and the processing of phrase prosody (Meyer et al., 2002) .
The comparability of some of these studies with the present results is limited because other paradigms were based on the presentation of single words or word pairs, requiring actions such as reading, comparing, or engaging in lexical imagery. This induces a number of mnemonic or control operations not specifically related to the real-time analysis of syntactic and semantic phrase violations investigated in our design. With respect to studies using sentence material (Teichmann et al., 2005 (Teichmann et al., , 2008 , it is important to note that the present recordings were from STN and GPi BG nuclei, and not from the striatum. However, the concept of a cortico-BG-thalamo-cortical circuitry (Alexander et al., 1986) as the route of, in particular, rule-based language processes cannot be maintained, because such a route requires STN and GPi to be activated at least as a function of syntactic phrase parameters.
Thalamic aphasic patients often have problems with language fluency, show semantic paraphasia errors, and have naming deficits. Conversely, grammar use and comprehension were reported to be somewhat less affected and repetition is well preserved in these patients (Bogousslavsky, 1990; Bogousslavsky et al., 1988; Bruce et al., 2004; Nadeau and Crosson, 1997) . Effects on verbal fluency have been correlated to rostral lesion sites, whereas lexical-semantic deficits were found to result from posterior thalamic damage (Carrera et al., 2004; Johnson and Ojemann, 2000; Metter et al., 1988; Raymer et al., 1997) . Further, atypical deficit profiles with marked comprehension difficulties (Gorelick et al., 1984; Kuljic-Obradovic, 2003; Metz-Lutz et al., 2000; Nicolai and Lazzarino, 1991; Ozeren et al., 1994) , impaired syntactic skills (De Witte et al., 2006) , and disturbed repetition and perseverations (Bruyn, 1989) have been reported following thalamic infarction. Carrera and Bogousslavsky (2006) stated that thalamic damage can mimic all cortical syndromes, due to the widespread, dense, and interwoven connectivity between thalamus and cortex. In this sense, it appears that thalamic structures, e.g., coordinating processes in cortical regions such as the inferior frontal and superior temporal gyrus, were activated upon both syntactic and semantic language violations. Notably, thalamic activations occurred bilaterally with a leftsided preponderance for linguistic violation effects only. As interesting parallels, aphasic disorders have been reported with left and right thalamic lesions (Carrera and Bogousslavsky, 2006; Carrera et al., 2004 ), and at a cortical level, bihemispheric activation occurs under different language tasks (Fiebach et al., 2004; Kuperberg et al., 2003; Meyer et al., 2002; Moro et al., 2001) , with the degree of right-sided recruitment depending on the complexity of the language material (Indefrey et al., 2001) .
Nonthalamic subcortical contributions to language capacities have been intensely debated. Numerous reports have been published describing the association of infarction in or close to the BG with aphasic disorders (D'Esposito and Alexander, 1995; Robin and Schienberg, 1990; Wallesch et al., 1983) , but a causative role has been questioned given that additional cortical damage is a regular effect of striatocapsular infarction, considering the specifics of vascular supply and the resulting cortical atrophy (Nadeau and cf. Hillis et al., 2002; cf. Weiller et al., 1993; Rowan et al., 2007) . Furthermore, patients with Parkinson's disease (PD) and HD have been studied with the aim of identifying language deficits in opposed spectra of BG disease. However, diverging results were reported, comprising semantic priming deficits in PD (Castner et al., 2007) , rule-based language deficits in HD (Teichmann et al., 2006) , other language-related effects, or no such language-related effects at all (Longworth et al., 2005) , either in production or in comprehension. The current data provide some basic information, arguing against an involvement of STN and GPi in the online syntactic and semantic decoding of language. This finding calls into question ideas on the procedural decoding of language, according to which syntax-related operations are processed through a BG network also comprising the nonresponsive nuclei studied here (Ullman, 2006) . It might be that distinct linguistic operations are not embedded within a cohesive cortico-striatopallido-thalamo-cortical circuitry, but are rather processed in smaller and highly specified networks, e.g., cortico-striato-cortical or cortico-thalamo-cortical. However, such an explanation for the lack of syntax-related processing in recordings from STN and GPi will have to await further experimental corroboration.
Conclusion
In conclusion, thalamic structures were found to be engaged in the analysis of syntactic and semantic parameters of acoustically presented sentences. They form part of language networks comprising cortical areas with distinct linguistic specializations, appearing in a pivotal position for a task-dependent buildup of intercortical connectivity. No indication was found that the BG are additionally involved in these elementary operations of Neuron Thalamic Language Functions language analysis. Altogether, the results point to a corticothalamic network for syntactic and semantic language analysis. The lack of cohesive BG participation in these processes calls for an adaptation of current language models.
EXPERIMENTAL PROCEDURES Subjects
Twenty-two cognitively unimpaired DBS patients (eight females, fourteen males; 30-74 years; Mini Mental State: 28.6.x ± 1.1 out of 30 points, range 27-30; cutoff for suspected dementia %23; cf. Fillenbaum et al., 1990 ) took part in the study after providing informed consent to the protocol, which was approved by the Ethics Committee of the Charité Campus Benjamin Franklin. In ten patients (six male, four female; average age: 59 years), DBS of the thalamic VIM was indicated for severe tremor conditions; in six (five male, one female; average age: 55 years) the STN was chosen as the DBS target for advanced PD; and in another eight (three male, five female; average age: 48 years), the GPi was selected for dystonic diseases. Two of the above patients received bilateral DBS of both the VIM and the GPi, i.e. four DBS electrodes, because they suffered from dystonia in combination with myoclonic tremor. All patients had normal presurgical cerebral MRI scans.
Patients engaged in the language task described below while EEG was recorded simultaneously from the scalp and VIM, STN, or GPi. In the two patients with four DBS electrodes, scalp recordings were combined with derivations from both VIM and GPi. Recordings were performed under continued medication during the first few days (4.3 ± 1) after DBS electrode placement when leads were externalized to assess the clinical effect of electrode localization and to confirm targeting by MRI. Thereafter, the DBS stimulator was implanted in a second operation.
The efficacy of DBS was documented by the change in the patients' clinical states between active compared with inactive DBS 6 months after the operation, without any disease-specific medication. Movement disorder was assessed by the Unified Parkinson's Disease Rating Scale, part III (for patients with STN electrodes), the Fahn Tremor Severity Scale (for patients with VIM electrodes), the Tsui Rating Scale (for dystonic patients with GPi electrodes), and the Unified Myoclonus Rating Scale (for patients suffering from dystonia and myoclonic tremor with electrodes in both GPi and VIM). The average DBS-induced reduction of score values, indicating symptomatic improvement, was 58% ± 26% across all groups (for PD, 45% ± 7%; for tremor, 75% ± 22%; for dystonic conditions, 35% ± 26%; and for dystonia with myoclonic tremor, 62% ± 17%).
Because the operation was performed bilaterally in all patients, recordings were carried out from 20 thalamic, 12 subthalamic, and 16 pallidal nuclei. For electrode placement, standard VIM, STN, and GPi positions from the stereotactic brain atlas by Schaltenbrand and Wahren (1977) were referred to the individual AC-PC line (the straight sagittal connection between anterior and posterior commissure), identified through intraoperative ventriculography. Standard coordinates were adjusted for each case with respect to the individual thalamic height (VIM patients: 16.5 ± 0.7 mm; STN patients: 17 ± 1 mm, GPi patients: 17.9 ± 1 mm) and AC-PC length (VIM patients: 25.4 ± 2.5 mm; STN patients: 24.6 ± 0.9 mm, GPi patients: 24.5 ± 2 mm), determined by matching presurgical stereotactic MRI with ventriculographic data. The calculated coordinates for the lowest contact of the right or left DBS electrode, expressed in terms of (1) the laterality to AC-PC, (2) the sagittal distance to midcommissural point (MC; negative values indicating sites behind the MC), and (3) the vertical distance to AC-PC (minus sign indicates below AC-PC), were (1) 14.2 ± 1.2 mm and 14.3 ± 0.6 mm, (2) À6.4 ± 1.1 mm and À6.4 ± 1 mm, and (3) À0.1 ± 0.3 mm and À0.2 ± 0.5 mm for VIM; (1) 12 ± 0.1 mm and 11.9 ± 0.04 mm, (2) À2.1 ± 0.1 mm and À2.2 ± 0.2 mm, and (3) À4 ± 0.6 mm and À3.8 ± 0.6 mm for STN; (1) 18.8 ± 0.4 mm and 18.8 ± 0.4 mm, (2) 2.8 ± 0.4 mm and 2.8 ± 0.4 mm, and (3) À4.6 ± 0.4 mm and À4.6 ± 0.4 mm for GPi. Postsurgical MRI was consistent with intended targeting.
Language Tasks
During task performance patients sat at 1.5 m from a 15 in computer screen, with their index fingers comfortably positioned over two push-buttons on either armrest. The task consisted of 192 trials, each lasting about 9.5 s and structured as follows: (1) a fixation cross was presented in the middle of the screen for about 5.3 s. (2) Five hundred milliseconds after cross occurrence, a sentence of approximately one point eight to two second duration was presented acoustically, either correct or incorrect (for the specific phrase structure, cf. paragraph below). (3) After sentence presentation, 3 s elapsed and the cross disappeared. (4) The fixation cross was replaced by the symbol of a bell, instructing the patient to press the right or left button for correct or incorrect sentences, respectively. After 2.5 s the bell disappeared, and 1.5 s passed until the next trial began.
Four categories of sentences were presented in randomized order, comprising 48 trials each. In accordance with German syntax, correct sentences were structured as (1) ''subject -auxiliary verb (past tense, passive) -participle'' (Das Brot wurde gegessen./ The bread was eaten.) or as (2) ''subject -auxiliary verb -preposition -noun -participle'' (Die Pizza wurde im Restaurant gegessen./ The pizza was eaten in the restaurant.). Syntactically incorrect sentences were structured as (3) ''subject -auxiliary verb -preposition -participle,'' with the lack of the noun being syntactically illegal (Das Eis wurde im gegessen./ The ice cream was eaten in.). In semantically incorrect sentences subject and participle were incongruent with regard to content while being syntactically correct; e.g., (4) ''subject -auxiliary verb -participle'' (Der Vulkan wurde gegessen./ The volcano was eaten.). The two types of correct sentences were presented, as otherwise an upcoming syntactic violation could have been deduced from the mere occurrence of the preposition.
Depth Recordings
Per DBS electrode, three channels were recorded, two bipolar and one monopolar. All electrodes consisted of four circular contacts (0-3, 0 being the basal contact) of 1.5 mm in width. In the case of VIM and GPi implants (MedtronicÒ electrode 3387), these contacts were longitudinally spaced at distances of 1.5 mm, and in STN implants, at distances of 0.5 mm (MedtronicÒ electrode 3389). Bipolar recordings were performed from the entire width (contact 0-3: covering 7.5 mm in VIM and GPi and 4.5 mm in STN) and from the upper electrode portion (contact 1-3: covering 4.5 mm in VIM and GPi and 2 mm in STN). For the monopolar channel, contact 2 was referenced to linked mastoid electrodes.
Surface Recordings
Along with the depth recordings, a scalp EEG was simultaneously recorded from 13 scalp positions referenced to linked mastoid electrodes (Fz, F3, F7, F4, F8, Cz, C3, C4, Pz, P3, P7, P4, and P8; impedances <5 kU) . Thalamic, subthalamic, pallidal, and scalp data were acquired with a Neuroscan system, and continuously sampled at 2 kHz with a band-pass from 0.05-500 Hz. Horizontal and vertical electrooculograms (EOGs) were recorded so that eye-blink artifacts could be rejected.
Data Analysis
At first, we tested the consistency of the obtained components with the results from previous studies based on the same language material (e.g. Friederici et al., 1993) .
To display ERPs according to standard procedures, the EEG was segmented into epochs starting with the beginning of the participle, which was decisive for the syntactic or semantic correctness of the heard phrase, and ending 1.5 s thereafter. These epochs were averaged per patient, with incorrectly handled trials excluded, along with those that that contained eyeblink or technical artifacts. A further exploratory grand average across patients was inspected with regard to the main pattern of syntactically or semantically related scalp potentials in the study group. According to numerous previous reports on the differential augmentation of potentials by the violation of phrase structure versus content, it was expected that an ELAN (a potential peaking between 100 and 250 ms at left frontal scalp sites; Friederici et al., 1993) , and a P600 (a positive potential peaking between 500 and 1000 ms at mid centro-parietal sites; Friederici et al., 1993 Friederici et al., , 2002 Osterhout and Holcomb, 1992) were of larger magnitude in the incorrect condition as compared with the correct condition. An N400 (a negative potential peaking between 300 and 700 ms maximal at mid-central scalp electrodes) was prominent upon semantic violations only (Kutas and Hillyard, 1980) . To confirm the expected task effects across subjects and to see if the spatio-temporal pattern typical of syntactic and semantic language processing could be ascertained, the magnitudes of ELAN and P600 / N400 were compared between syntactically/semantically violated and correct phrase conditions, based on the average values measured in the critical time intervals specified above (two-sided, paired t tests for all electrode positions). Amplitudes were then taken from the electrode positions with the largest task effect for ELAN and P600 / N400. Latencies of these components were determined at the peak of the difference curves ''incorrect -correct.'' For depth ERP, components consistently present in the correct condition and enlarged by the syntactic/semantic violation were identified. The consistency of the task effect on ERP magnitudes was tested by paired comparisons (planned two-sided t tests). The amplitudes were calculated as the average values for those time intervals in which the identified components commonly occurred across subjects. Peak latencies were determined in the subtraction curves ''incorrect -correct'' if activations were found to be significantly different between these conditions. If components correlating to the processing of syntactic phrase structure or semantic phrase content were identified bilaterally in depth recordings, further analyses were restricted to the ERP from the hemisphere in which the obtained task effects were found to be larger. Finally, the peak latencies of these depth ERPs were compared with their chronometrically closest counterparts at scalp level.
